Among crayfish, primary burrowing species are the least understood ecologically. Many primary burrowing crayfish inhabit floodplains where forested landscapes have been fragmented by agricultural, industrial, or residential uses. In this study, site occupancy rates (ψ) were modeled for two primary burrowing crayfish, Fallicambarus fodiens (Cottle, 1863) and Cambarus thomai Jezerinac, 1993, from Ohio and Kanawha river floodplains in West Virginia, U.S.A. Fallicambarus fodiens is one of West Virginia's rarest crayfish, while C. thomai is prevalent in most wetlands along both river floodplains. Occupancy rate modeling incorporated four environmental covariates (forest age, soil type, tree frequency, and land use). Based on presence/absence data, forests with tree ages >100 years ( QAIC c = 0) and sites with loam soils ( QAIC c = 1.80) were most likely to harbor F. fodiens populations. For C. thomai, several models were supported owing to model selection uncertainty, but those with the land use covariate had more total model weight (total w i = 0.54) than all other covariate models. Cambarus thomai rarely occupied industrial/agricultural sites, but were often present in forested and residential sites. Although the influence of covariates on site occupancy differed between species, both taxa readily utilized mature forested habitats when available. Conservation actions for F. fodiens and C. thomai should focus on preserving forested tracts along large river floodplains
INTRODUCTION
Crayfish conservation is of paramount concern given the diverse biological roles that crayfish occupy in ecological systems (Creed, 1994; Creed and Reed, 2004) . Imperilment of crayfish faunas has led to increased conservation efforts (Taylor et al., 2007; Welsh et al., 2010) , including research on distributions and population status of crayfish within the eastern United States (Thoma and Jezerinac, 2000; Simon, 2001; Taylor and Schuster, 2004; Kilian et al., 2010; Loughman and Welsh, 2010; Simmons and Fraley, 2010; Skelton, 2010; Loughman and Simon, 2011) . Most research efforts, however, have focused on secondary and tertiary burrowing crayfish species, which are closely associated with stream habitats.
Relative to secondary and tertiary burrowers, less is known about habitat associations of primary burrowing crayfish, which spend most of their lifetime within or near burrows (Hobbs, 1981) . This lack of information results in part from the arduous, time-intensive nature of primary burrowing crayfish collection (Hobbs, 1981; Loughman and Simon, 2011) . Despite difficulties with the collection of crayfish, sampling efforts are needed to determine landscapelevel habitat associations of primary burrowing crayfish to aid in the successful conservation of species. Many primary burrowing crayfish inhabit floodplains where forested landscapes have been converted to agricultural, industrial, or residential landscapes. Understanding the relationship between altered floodplain habitats and the presence/absence of primary burrowing crayfish is an important first step for conservation efforts.
Studies of habitat associations of primary burrowing crayfish should be conducted at a species level, given different species likely differ in habitat use and requirements. Primary burrowers are known to occur in habitats ranging from pristine old growth mesophytic forests (Jezerinac et al., 1995; , bottomland forests (Hobbs, 1981; Taylor and Schuster, 2004; Loughman and Simon, 2011) , and pitcher plant bogs (Johnston and Figiel, 1997) , to altered habitats such as roadside ditches (Hobbs, 1981; Taylor and Shuster, 2004; Loughman and Simon, 2011) and residential yards (Hobbs, 1981; Taylor and Shuster, 2004; . Habitat associations may also differ among burrowing crayfish species owing to soil type (Page, 1985; Hobbs and Robison, 1989; Hobbs and Jass, 1988) . West Virginia's Ohio and Kanawha River floodplains harbor primary burrowing crayfish and contain habitats with varying levels of anthropogenic disturbance (Jezerinac et , 1995; Loughman and Simon, 2011) . Two species, Fallicambarus fodiens (Cottle, 1863) and Cambarus thomai Jezerinac, 1993 , occur along both floodplains (Fig. 1) . In West Virginia, F. fodiens is restricted to floodplain wetlands associated with the Ohio/Kanawha River confluence (Jezerinac and Stocker, 1987; Jezerinac et al., 1995; Loughman and Welsh, 2010) . Cambarus thomai is the dominant burrowing crayfish throughout West Virginia's lower elevations (<500 m) and is prevalent in both relatively unaltered and moderately disturbed wetlands within the region (Jezerinac et al., 1995; Loughman and Simon, 2011) .
The objective of this paper is to examine the relationship between landscape-level habitat variables and site occupancy of F. fodiens and C. thomai along the Ohio and Kanawha river floodplains. To accomplish this, site occupancy modeling as described by Mackenzie et al. (2002 Mackenzie et al. ( , 2006 was utilized along with capture methods described in Loughman and Simon (2011) . We hypothesized that the presence of primary burrowing species would be influenced by soil type, the presence of forested habitats, the age of forested habitats, and the tree density within forested habitats. 
MATERIALS AND METHODS

Study Area
This study was conducted on the Ohio and Kanawha river floodplains within Cabell, Mason, and Putnam counties, West Virginia (Fig. 2) . Within the study area, floodplains include naturally-occurring forested habitats with swamps, marshes, and ephemeral pools. Forested tracts on these floodplains are not pristine, but are relatively unaltered in comparison to residential yards, and areas with agricultural and industrial impacts. Over 90% of both floodplains have been developed for agriculture, industry, and residential communities, whereas forested habitats represent less than 10% of available land cover (Loughman and Simon, 2011) . Despite habitat alterations, forests occurring along the Ohio River floodplain represent the most expansive bottomland forest in West Virginia. Relatively-unaltered bottomland forests are characterized by nutrient rich, alluvial soils, and vegetation adapted for seasonal inundation (Colburn, 2004) . Dominant tree species include silver maples (Acer saccharinum), red maples (Acer rubrum), pin oaks (Quercus palustris) and black willows (Salix nigra) (Strausbaugh and Core, 1978) . Seasonal inundation by floodwaters provides nutrients needed to maintain these ecological systems.
For the Ohio and Kanawha river floodplains in West Virginia, a wet hydroperiod typically lasts from January through early June (Hardin et al., 1989) . Flooding, snow melt, and rains during spring provide water for ephemeral wetlands on both floodplains (Loughman and Simon, 2011) . During this period, crayfish use wetlands for various aspects of their life history. Floodplain wetlands are important nursery habitats for primary burrowers that deposit their young in ephemeral pools associated with bottomland forests (Hobbs, 1981; Taylor and Schuster, 2004; Loughman and Simon, 2011) . A drying period begins during early summer, and by late June or early July much of the floodplain's ephemeral wetlands experience complete drying. Periodic summer storms occasionally re-flood these wetlands, but the majority of pools remain dormant until the following fall or winter (Z. J. Loughman, personal observation).
Collection Methods A total of 20 sites were sampled repeatedly along the Ohio and Kanawha river floodplains during 2004-2005 and 2009-2010, respectively . Collapsible minnow traps were deployed at these wetland sites in late January and checked twice monthly through the beginning of April, for a total of eight occasions for each year. Evidence of cannibalism (n = 6, partially eaten crayfish) amongst trapped crayfish was minimal given the duration between trap checking occasions. The total number of traps deployed at sites was determined by the water body's total surface area, with one trap deployed for every 10 m 2 of surface area. A minimum of three and a maximum of 20 traps were deployed at each site. During this time primary burrowing crayfish can be trapped within surface waters, because they are utilizing ephemeral pools for rearing young and foraging (Loughman and Simon, 2011) . All animals captured in traps were vouchered and deposited in the West Liberty University Astacology collection.
Presence/absence data were recorded based on whether or not a species was captured at a site during a specific trapping event. If a species was collected at a site during a sampling event, a 1 was recorded; if a species was not captured then a 0 was noted. A presence/absence encounter history for eight sampling events of 10000001 indicates a species was collected on the first and eighth sampling events, and not captured during the second through seventh sampling events.
Covariate Data Collection Four covariates (soil type, forest age, land use, and tree frequency) were used to model F. fodiens and C. thomai occupancy. First, soil type at each site was determined from 25, one meter deep soil cores. Soil cores were oven-dried, cleaned of extraneous debris, ground with mortar and pestle, and filtered through soil particle sieves with diameters indicative of sand, silt and clay. The relative proportion of sand, silt, and clay was determined by obtaining the mass of each type compared to the total mass of the sample. Soil type for each site was determined by comparing the relative amounts of sand, silt, and clay to the soil pyramid (Brady and Weil, 2007) .
Second, forest age at each site was determined from core samples from five trees with the largest diameter breast heights (DBH; Stokes and Smiley, 1996) . Forests ages at sites were categorized as: 1) sites that lacked forests, 2) sites with early successional forests with at least five 1-75 year old trees, and 3) sites with "old" forests with at least five >100 year old trees. Third, land use was categorized as forested, residential, and industrial/agricultural. Forested sites included early successional forests or "old" forests as described previously. Residential sites included communities and small towns where agriculture and industry were absent. Industrial sites were either expansive large scale agriculture or industrial sites allied with chemical or steel plants. Finally, tree frequency (total trees/hectare) at each site was determined with point quarter analysis (Stokes and Smiley, 1996) .
Model Selection
Occupancy rates were modeled for both species of crayfish using a candidate set of 10 models that included four covariate models (soil type, forest age, land use, and tree frequency), five additive models, and a global model (Program MARK, White and Burnham, 1999) . Additive models included the following combinations of two covariates; soil type + forest age, soil type + land use, soil type + tree frequency, forest age + land use, and tree frequency + land use. Objectives were focused on determining the influence of covariates on site occupancy of crayfish species. Detection probabilities were modeled as constant (·) with the exception of the global model in which time (t) was modeled.
Model selection and inference were based on an information-theoretic approach (Burnham and Anderson, 2002) . Specifically, Akaike's information criterion (AIC) was used for model selection and adjusted for overdispersion and small sample size (QAICc, Burnham and Anderson, 2002) . First, the 10 candidate models were fit to the encounter history data following the occupancy modeling approach described by Mackenzie et al. (2006) . Second, to assess model fit and overdispersion, parametric bootstrapping (n = 1000) of the Pearson's chi-square goodness of fit test was conducted on the global model (the model with the highest number of parameters, K). If overdispersion was detected, then a correction factor (c-hat) was used to inflate standard errors and adjust the selection of models (Mackenzie and Bailey, 2004) . Models were considered supported by the data if QAIC c was less than 2.0 (Burnham and Anderson, 2002) . For each of the four covariates, model weights (w i ) were summed to determine the overall covariate importance regarding site occupancy (Burnham and Anderson, 2002; Mackenzie et al., 2006) . Also, we used the direction (positive or negative) of covariate parameter estimates (β) to interpret the relationships between covariates and site occupancy (Mackenzie et al., 2006) .
RESULTS
The 20 sampling sites were represented by industrial (25% of sites), forested (35%), and residential use (40%). Soil types were represented by loam (5 sites), silty clay loam (1 site), and clay loam (14 sites). For modeling, soil type results were further categorized as low clay content ("loam"; 7-27% clay) and high clay content ("silty clay loam" and "clay loam"; 27-40% clay). Fallicambarus fodiens was collected at 25% (n = 5) of sites sampled, including 57% (n = 4) of forested and 11% (n = 1) of residential sites. Fallicambarus fodiens was not found at industrial sites. Cambarus thomai was encountered at 80% (n = 16) of sites sampled, and was collected in 100% of forested sites, 89% (n = 8) of residential sites, and 25% (n = 1) of industrial sites. 
Fallicambarus fodiens Covariate Modeling Results
For F. fodiens, the Goodness of Fit test provided evidence that the global model fit the data (P = 0.14), and an overdispersion correction factor (c-hat = 1.80) was estimated and used to adjust standard errors and model selection. Data supported covariate models for forest age ( QAIC c = 0.00) and soil type ( QAIC c = 1.80, Table 1 ). In addition to representing the best approximating model, the age covariate also composed the highest cumulative amount of model weight (Fig. 3) . Fallicambarus fodiens occupancy of forest >100 years old (ψ = 1.0) exceeded that of successional forests (ψ = 0.33, SE = 0.18) or habitats lacking forests (ψ = 0.08, SE = 0.11; Fig. 4 ). The parameter estimate for the forest age covariate in the top model mirrored this result indicating a positive relationship (β = 2.34, 95% CI = −0.35-5.04) with forest age, whereby the oldest forests along the Ohio and Kanawha river floodplains were more likely to be occupied by F. fodiens than successional forest, or habitats lacking forests. While forest age was the best model, soil also was selected ( QAIC c = 1.80), and was a covariate in two of the three top models, and second in cumulative model weight to forest age (Fig. 3) . The parameter estimate for the soil covariate indicated a negative relationship towards soils possessing clay (β = −2.27, 95% CI = −5.17-0.62; Fig. 5 ). Models with land use and tree frequency were not supported by the data ( QAIC c > 2.00, Table 1); however, F. fodiens was not found at industrial/agricultural impacted sites. 
Cambarus thomai Covariate Modeling Results
For C. thomai, the Goodness of Fit test provided evidence that the global model fit the data (P = 0.09), and an overdispersion correction factor (c-hat = 1.55) was estimated and used to adjust standard errors and model selection. Substantial selection uncertainty occurred for C. thomai models, where seven models had QAIC c values < 2.0 (Table 1) . The land use covariate had the highest cumulative model weight (w i = 0.54, Fig. 3) , and was present in three of the five models with the lowest QAIC c values. Parameter estimates indicated a negative relationship regarding occupancy rate and land use (β = −1.80, CI = −4.11-0.51; Fig. 6 ). Forest age was the second best fit model and second in cumulative model weight (Table 1) . Furthermore, forest age was supported by two of the top three models (Fig. 3) . Soil type and tree frequency had the least cumulative model weights of the four covariates (Fig. 3) .
DISCUSSION
Habitat and Site Occupancy
Forested habitat was important for burrowing crayfish occupancy at sites along the Ohio and Kanawha rivers in West Virginia. Habitat with the least anthropogenic impact included forests with trees 100 years in age or older. Fallicambarus fodiens was observed in 100% of these forests, and collected in a single forest less than one hundred years in age, and a single residential site. For successional forest and residential sites harboring F. fodiens, habitat corridors existed that connected these forests to 100 year old sites. Forested and residential sites lacking corridors did not possess any F. fodiens populations. All 100 year plus forested sites consisted of mature trees with stable ephemeral pool systems, loam soils, and complete forest canopies during leaf out periods of the year. Although forest age was important, models with tree frequency as a covariate were not supported by the data for F. fodiens. This suggests that presence of a forest alone was not a driving factor for F. fodiens occupancy at a site.
Model selection results of C. thomai were less clear than those of F. fodiens. For C. thomai, seven models were supported with QAIC c values < 2.0. This model selection uncertainty may indicate that there is insufficient information within the data to reach a strong inference (Burnham and Anderson, 2002) . Selection uncertainty of environmental covariate models in this instance, however, may also reflect a generalistic use of habitat by C. thomai. Given model selection uncertainty, an appropriate analysis approach involves the use of multimodel inference (Burnham and Anderson, 2002) . For C. thomai, we used multimodel inference by summing weights of environmental covariates across models. The land use covariate had more total model weight (total w i = 0.54) than other covariates. Further, three of the five top models included land use as a covariate.
Industrial sites were not occupied by F. fodiens, and rarely occupied by C. thomai. Loughman and Simon (2011) previously examined the current study sites in the Ohio River floodplain, as well as sites continuing north and south along the entire West Virginia border of the Ohio River. Cambarus thomai was negatively associated with industrial sites throughout the entire area examined. These industrial sites lacked forested canopies and diverse in-pool habitats. Throughout the four years of the study, surface water from all industrial sites evaporated by mid-June; forested sites retained surface waters until mid-July, giving neonates an additional month in pools (Z. J. Loughman, personal observation). Loughman and Simon (2011) theorized that the lack of canopies associated with industrial sites led to an increase in ephemeral pool evaporation rates. This in turn resulted in decreased temporal habitat availability for developing young of the year crayfish and ultimately lower recruitment and a reduction in population size over time.
Results from this study indicate that land use appears to be one of, if not the most important factor, determining C. thomai occupancy of sites along both river floodplains.
Burrowing crayfish have often been viewed as habitat generalists utilizing a wide range of marginal habitats, such as roadside ditches, and do not require ecologically complex habitats such as mature forests (Hobbs, 1942; Penn and Marlow, 1959; Hobbs, 1981; Hobbs and Jass, 1988) . As specified in the following paragraphs, our results provide evidence that burrowing crayfish communities can include both habitat generalists and habitat specialists, of which we provide examples for both relative to bottomland floodplain habitat. The habitat associations of Cambarus thomai on the Kanawha and Ohio River floodplains were indicative of a burrowing crayfish with generalist habitat requirements, whereas F. fodiens was more of a habitat specialist.
Based on our data on burrowing crayfish from bottomland floodplains, we perceive habitat generalists as burrowing crayfish that use: 1) habitats with limited to no forest canopy, 2) habitats with soils indicative of anthropogenic activity relative to the natural soil of the region, and 3) habitats alongside areas with current/recent human activity. Based on the presence of C. thomai in residential sites along the Kanawha River floodplain, and residential, agricultural, and industrial sites along the Ohio River floodplain (Loughman and Simon, 2011) , we consider this species to be a habitat generalist. This is not a surprising result as several closely related species such as Cambarus diogenes Girard, 1852 , C. ludovicianus Faxon, 1884 , and C. acanthura Hobbs, 1981 display similar generalist habitat preferences (Taylor and Schuster, 2004; Walls, 2009; Simmons and Fraley, 2010) .
Burrowing crayfish habitat specialists differ from habitat generalists because they require the presence of particular habitat parameters. Habitat specialization has been noted for a few species, such as Fallicambarus gordoni Fitzpatrick, 1987, occurring only in pitcher plant bogs (Johnston and Figiel, 1997) and Distocambarus crockeri Carlson, 1884 (Welch and Eversole, 2006; Welch et al., 2007) , occurring along sand ridges with a particular soil morphology conducive to draining. Historically, habitat studies have not been a major focus of burrowing crayfish research. From our results, burrowing crayfish habitat specialists occurring in bottomland forests require: 1) old, little manipulated bottomland tracts with, 2) soil associations native to the region, and 3) occur in habitats with little alteration by humans. Bottomland habitat specialists can occur in environments lacking these attributes, but are most abundant at sites maintaining these relatively unaltered conditions.
Cambarus miltus Fitzpatrick, 1978 is a potential habitat specialist based on the above criteria, and has similarities to the habitat specialization of F. fodiens observed in West Virginia. Taylor et al. (2011) performed an expansive survey of the Florida panhandle and Alabama's eastern coastal plain for C. miltus. Results from their survey indicated C. miltus was most abundant in low lying forested bottomlands with a reduced anthropogenic presence (Taylor et al., 2011 ). Animals were occasionally encountered at human manipulated sites, but densities were always highest in forested situations (Taylor et al., 2011) . When encountered at sites maintaining bottomland forests with little disturbance by man, C. miltus populations were stable. Fallicambarus fodiens maintained a similar dynamic in West Virginia; densities were always highest at sites maintaining a specific suite of habitat variables compared to sites lacking those conditions.
In order to conserve imperiled burrowing crayfish, resource managers must first understand the specific habitat requirements of a given target species. This understanding is important for two reasons. First, once specific habitat parameters are determined, survey efforts can be focused on sites harboring habitats associated with the species in question. This will allow for a better estimation of the species distribution across the landscape. For example, Welch and Eversole (2006) determined that Distocambarus crockeri was strongly associated with soil morphologies found along ridge tops, and thus were able to focus their sampling efforts. Secondly, the understanding of habitat requirements will permit managers to develop and implement appropriate strategies to conserve these imperiled species.
Scarcity of Fallicambarus fodiens in West Virginia Explained
Results from this study are not the first to document an association of F. fodiens with forested wetlands. Page (1985) documented F. fodiens occurring in wooded floodplains in Illinois, as did Taylor and Schuster (2004) in Kentucky. Crocker and Barr (1968) collected F. fodiens from forested habitats in Ontario, as well as marshes and drainage ditches. Hobbs and Robison (1989) noted F. fodiens in both forested habitats and ephemeral pool systems in Arkansas. What is apparent from the results of this work is the correlation between habitat quality and F. fodiens site occupancy. Hobbs and Robison (1989) alluded to a possible correlation between habitat quality and F. fodiens presence on the landscape. Areas of Arkansas with increased agriculture occurring where forested floodplains once persisted lacked robust F. fodiens populations compared to regions where bottomlands remained forested. West Virginia's Ohio and Kanawha River floodplains have also witnessed this same conversion of bottomland forests for agricultural, residential, and industrial uses. The paucity of mature forested lands along the Ohio and Kanawha river floodplains may explain the disjunct distribution of F. fodiens in West Virginia.
Why is F. fodiens so reliant on mature forest in West Virginia? In other regions of its range, F. fodiens is allied with forested habitats, but also can frequently be collected in roadside ditches, residential situations, and agricultural settings (Crocker and Barr, 1968; Simon, 2001; Taylor and Schuster, 2004) . One explanation for the association of F. fodiens with mature floodplain forests is competition with other primary burrowers, such as Cambarus thomai. Mature bottomland forests consist of a myriad of ecological resources for both F. fodiens and C. thomai to exploit (Colburn, 2004) . In disturbed situations, resource availability decreases, leading to a potential increase in interspecific competition.
Cambarus thomai persists in disturbed habitats so long as the disturbance is not extreme (Loughman and Simon, 2011) . Only two F. fodiens populations occurred in forested habitats less than 100 years in age; both of which had corridors leading to mature forested environments where resources were abundant (Z. J. Loughman, personal observation). Cambarus thomai is the dominant burrowing crayfish throughout the lowlands of West Virginia and quite capable of persisting in disturbed environments (Jezerinac et al., 1993; Loughman and Simon, 2011) . It is possible that in disturbed environments, C. thomai monopolize resources and in the process reduces resource availability for F. fodiens. Over time this resource depletion may lead to F. fodiens extirpation from a site. At this point this is a working hypothesis worthy of future testing. It is also possible that certain resources such as food and in-pond shelter could increase following anthropogenic disturbance, which could possibly lower competition between these taxa. Future research is needed to elucidate these ideas to better understand the interspecifc interactions between these two crayfish in West Virginia.
The association of F. fodiens with mature floodplain forests may also be explained by soil type. Next to forest age, soil type possessed the majority of F. fodiens cumulative model weight. Loam was the prevalent soil type for F. fodiens, as opposed to clay or silty clay loams. Loams are associated with undisturbed alluvial soils; increases in clay content are directly associated with increases in anthropogenic use when loam is the native soil of a region (Brady and Weil, 2007) .
Several authors have indicated that F. fodiens may be allied with clay soils (Page, 1985; Hobbs and Jass, 1988; Hobbs and Robison, 1989) . Our results indicate that West Virginia F. fodiens populations are not typically associated with soils of higher than 27% clay content, but are instead associated with alluvial loams. A possible explanation F. fodiens association with clay soils outside West Virginia could be that clay soils are the native soil for those populations. In the presence of clay soils, F. fodiens populations would have evolved to meet the environmental demands and associated increased compaction allied with soils possessing high amounts of clay. West Virginia populations evolved with loam soils, which exhibit markedly lower compaction following evaporation (Brady and Weil, 2007) . In West Virginia bottom land floodplains during summer months, ephemeral pools at sites lacking canopies with elevated levels of clay soils may experience both a loss of the aquatic environment needed for neonate F. fodiens to grow and result in a rapid decrease in soil moisture needed for burrow excavation.
Both ecological factors could lead to a reduction of recruitment, ultimately resulting in a reduction of population size over time and extirpation from a site. March and Robson (2005) investigated the impact of soil compaction on burrowing crayfish density in Australia, and determined that increased soil compaction rates were directly associated with a 70%-80% reduction in burrowing crayfish density. March and Robson (2005) did not determine soil types. Clay loams and silty clay loams both possess much higher soil compaction than loam soils (Brady and Weil, 2007) .
Conservation of Fallicambarus fodiens in West Virginia
Our data provides evidence that F. fodiens is limited to mature bottomland forests along West Virginia's Ohio and Kanawha river floodplains. Additional data are needed to ascertain the important habitat factors associated with F. fodiens within mature bottomland forests. Fallicambarus fodiens conservation efforts in West Virginia should focus on preservation of mature forest tracts and forested corridors connecting those tracts along floodplains of the Ohio and Kanawha rivers. When present at a site, F. fodiens was always abundant indicating that very little active management of habitat is needed. If large bottomland tracts are protected, it is highly likely that F. fodiens will remain a component of West Virginia's crayfish fauna.
